Abstract Endometriosis is a complex gynecologic disorder in which alterations of specific biological processes involving both the endocrine and the immune systems have been identified. Recently, a reduced endometrial responsiveness to progesterone has been suggested as a crucial element in the pathophysiology of the disease but it is unclear whether this reduced sensitivity to the steroid is involved in the disease induction or is simply a consequence of the disease condition. Indeed, endometriosis is associated with a local and systemic inflammatory process that is strongly interrelated to the steroid activity, and both the systems mutually interact in a complex loop that strongly influences the disease development and maintenance. The link between prostaglandin E 2 (PGE 2 ), aromatase activity, and local estrogen synthesis represents a paradigm of this loop. A better understanding of the pathophysiology of this interaction should enable researchers to develop targeted therapeutics that may limit this self-supporting pathologic loop.
Introduction
Endometriosis is an estrogen-dependent disorder, defined as the presence of endometrial tissue outside of the uterus in lesions of varying sizes and appearance containing endometrial glands and stroma. Symptoms arise from cyclical bleeding into the surrounding tissues, which results in inflammation and formation of scarring and adhesions potentially causing infertility. Signs and symptoms may include painful periods (dysmenorrhea), pelvic pain not associated with menses, painful intercourse (dyspareunia), painful urination (dysuria), and painful bowel movements. It may be asymptomatic or associated with symptoms of pain and/or infertility [1••] . However, endometriosis is much more complicated than either lesions or symptoms, and because of this complexity, its classification is evolving from a local disorder to a chronic systemic condition.
Although described in the literature for more than 300 years [2] , endometriosis remains a mysterious and elusive disease that can impact on the general physical, mental, and social well being of a woman and can have a profound effect on the woman's life. From a pathogenetic point of view, the disease inheritance is thought to be polygenic with a complex, multifactorial etiology. The gold standard for the diagnosis of pelvic disease is surgical assessment during laparoscopy [3] . Surgical removal of endometriotic implants improves fertility and commonly provides temporary relief for pain symptoms. However, the cumulative recurrence rates after surgery vary greatly depending on the degree of endometriosis and possibly also on the extent of surgery [4] . Medical treatments aimed at hormone suppression are effective for pain but their cost and side effect profile varies [3] . Moreover, they induce a hypoestrogenic state and can be used only for a limited time owing to important and sometimes unacceptable side effects [5] .
Endometriosis long has been considered a surgical gynecological disease. Currently, there is a need for clinical management of the disease by multidisciplinary teams that address medical, surgical, and psychological issues. Moreover, endometriosis is still an unmet clinical need because an optimal drug that allows for both pain management and continued attempts to conceive does not exist. Therefore, a great effort is directed toward the understanding of the basic mechanisms underlying the disease to identify an ideal treatment that would eliminate endometriotic lesions, prevent recurrence, and not impede ovulation. The interrelationship between the inflammatory process associated with the disease and the altered response to steroid hormones may represent an area of interest in this context.
Local Inflammatory Processes
There is a general agreement that a sterile, local inflammation occurs in the peritoneal cavity of women with endometriosis and that an altered function of immune-related cells characterizes the peritoneal environment [6] . Interestingly, based on mouse model of endometriosis, both macrophages in the peritoneal fluid and macrophages infiltrating ectopic lesions display features of alternative activation, suggesting that signals in the peritoneal cavity of endometriotic patients and restricted to the ectopic tissue switch the differentiation program of endogenous blood-derived precursors toward an alternative reparative phenotype [7] . Adoptively transferred, alternatively activated M2 macrophages dramatically enhance endometriotic lesion growth through the secretion of different arrays of soluble factors. Various cytokines and growth factors are indeed increased in peritoneal fluid of women with endometriosis, and in the setting of chronic local tissue destruction, it is also likely that autoreactivity develops. For instance, interleukin-8 and monocyte chemotactic peptide-1 (MCP-1) are found to be elevated in the peritoneal fluid of women with endometriosis and levels have been correlated with the severity of the disease [6] .
Therefore, endometriosis itself does favor a peritoneal inflammatory situation that contributes to maintaining the disease. Moreover, macrophages are important for maintaining the viability of newly formed vessels and represent a potential therapeutic target in endometriosis. Tie2-expressing macrophages (TEMs) have nonredundant functions in promoting angiogenesis and growth of experimental tumors and they have been shown to infiltrate areas surrounding newly formed endometriotic blood vessels and endometriotic lesions. TEM depletion arrested the growth of established lesions without toxicity. Lesion architecture was disrupted with (1) loss of glandular organization, (2) reduced neovascularization, and (3) activation of caspase 3 in CD31(+) endothelial cells [8•] .
Abnormal Immune Response at Systemic Level
In recent years, there have been discussions suggesting that endometriosis might even be regarded as an autoimmune disease [6] . Some investigators have reported common clinical elements between patients with endometriosis and patients with various autoimmune processes [9, 10] , whereas others have reported that endometriosis exhibits a gene expression signature reminiscent of autoimmune disorders [11] . Endometriosis lesions are characterized by the presence of abundant plasma cells, and one of the most upregulated cytokines in these lesions is BlyS, a cytokine known to be critical for normal B-cell development; high levels of BlyS overstimulate various B cell responses, leading to the initiation and exacerbation of autoimmune responses [12] .
In support for an abnormal development of immune response at systemic level as well, specific genes involved in leukocyte activation such as interleukin-2 receptor gamma (IL-2RG), were shown to be differentially expressed in blood leukocytes of women with endometriosis compared to those present in control women [13] . Finally, based on population-based epidemiological studies, women with endometriosis have an increased risk for non-Hodgkin's lymphoma, thus suggesting an underlying immune system-associated pathology and a more generalized dysfunction [14, 15] .
Notwithstanding these findings supporting the critical role of immunologic/inflammatory phenomena in the natural history of endometriosis, two important issues are still to be clarified: (1) whether these events are only an epiphenomenon or are causally related to the disease and more importantly, (2) to what extent these events may affect the systemic immunologic status.
Recently, we performed a large-scale gene expression study on peripheral blood mononuclear cells (PBMCs) from endometriosis patients, comparing gene expression profile in the severe diseased stage with the profile established after a conventional surgical treatment for removal of endometriotic lesions [16] . Genes identified in PBMCs as downregulated after the surgical intervention, and thus potentially induced by the disease presence, were shown to be common to those identified with a similar approach in psoriasis, a nongynecologic chronic inflammatory diseases [17] , strongly indicating a relevant influence of endometriosis on systemic immune regulatory molecules. Among the genes identified, Pre-B-cell colony enhancing factor 1 (PBEF), dual specificity phosphatase 1 (DUSP1), FOS, RHOB, and S100P. PBEF has been implicated in the pathogenesis of a number of different human diseases that share an inflammatory basis such as rheumatoid arthritis and type 2 diabetes [18] . DUSP1, FOS, RHOB, and S100P were identified by transcriptional profiling in atrial myocardial samples after a cardiopulmonary bypass (CPB) that is known to induce mediators of the inflammatory response [19] . Based on all these findings, the impact of endometriosis at systemic level should be recognized as more significant than previously envisioned and the possible consequences of this influence should be considered in relation to the long-term effects of a chronic systemic inflammation.
Evidence for an Inflammation-Associated Progesterone Resistance
Progesterone is a master regulator of endometrial tissue and it is estimated to regulate expression of hundreds of genes during the various phases of the menstrual cycle. Two natural isoforms of progesterone receptors (PRs), PR-A and PR-B, are coexpressed in all normal progesterone target tissues and the human PR-A isoform differs from the PR-B isoform because it lacks the first 164 amino acids contained in the PR-B. The physiological importance of maintaining the correct relative expression levels of PR isoforms in tissues is indicated by detection of aberrant ratios of PR isoforms in human endometrial and breast cancers [20] . In this type of cancer cells, alteration of the PR-A/PR-B ratio is known to favor cellular invasion and metastasis [21, 22] . Overexpressed PR-B levels are often found in highly malignant endometrial cancers and selective ablation of the A isoform in knockout mice results in endometrial hyperproliferative and premalignant changes [23] . Recently, the equal PR-A to PR-B ratio of the normal endometrium has been suggested to be extensively deregulated also in the endometriotic tissue, leading to an impaired stromal differentiation and a consequent relative resistance to progesterone action in endometriosis [24] [25] [26] [27] . Studies addressing progesterone resistance in endometriosis are summarized in Table 1 .
According to Attia et al. [24] , the progesterone resistance in the endometriotic tissue can be explained by the complete absence of PR-B transcripts and protein and the presence of PR-A in ectopic lesions. Similar findings have been reported in epithelial cells selected from a small number of ectopic samples [26] . Moreover, because a number of progesterone target genes are deregulated also in the eutopic endometrium of women with endometriosis [28] , there has been suggestive indications that endometrium of affected women could reflect the alteration found in the endometriotic lesions. In keeping with this idea, PR-B expression was shown to be statistically lower in endometrium from women with endometriosis as compared with that of normal women at both protein [25] and messenger RNA (mRNA) level [26] . Conversely, more recently, Bukulmez et al. [27] failed to find any significant difference in PR-A and PR-B mRNA expression between control endometrium and eutopic endometrium of women affected, although confirming a significant reduction of both PR isoforms in endometriomas. Our results are completely in line with those obtained by Bukulmez et al. [27] for the eutopic endometrium showing no differences in PR-A and PR-B expression between endometrial stromal cells derived from women with and without endometriosis at both mRNA and protein level [29] . On the other hand, in a previous study [30] , we have demonstrated that in cells from women with endometriosis but not from those without the disease, progesterone can induce endometrial stromal cell migration and cytoskeleton rearrangement, two events that occur during cell invasion. Therefore, based on the data reported so far, it has been hypothesized that a reduced PR-B expression might be responsible for elevated local estradiol levels, impaired differentiation, deficient apoptosis, and increased cell invasion observed in the pathologic tissue. On this basis, the efficacy of endometriotic lesion suppression with progestins has been recently questioned based on this purported progesterone resistance in both eutopic and ectopic endometrium of women with the disease. This would explain why about 9 % of patients do not respond to progestin treatment [4] .
However, within the context of basic research on endometriosis, it is often difficult to distinguish between a primary etiologic factor and alterations occurring with time or under peculiar hormonal and inflammatory conditions at both transcriptional and nontranscriptional levels. The inflammatory environment constitutes, in itself, a trigger for epigenetic reprogramming (eg, through local extracellular acidosis and deposit of reactive substances). Reactive halogen compounds, which are a byproduct of many chemical Vercellini et al. [65] reactions produced by inflammatory processes, cause DNA methylation alteration. Chemical transformations of DNA methylation contributes to disruption of the epigenetic code, which could result in a disturbed readout by the methylation-binding proteins involved in both activating and silencing genes [31] . Therefore, it cannot be excluded that secondary events, such as the increased inflammatory response observed in ectopic endometrium, may contribute to the differential receptor expression pattern demonstrated in some endometriotic lesions. Finally, it should be considered that exposure to environmental endocrine disruptors in utero and during neonatal life can lead to epigenetic modification of numerous genes critical to reproductive tract development and function [32, 33] . Recent evidence suggests that genes that may impact a woman's risk for endometriosis may be among them, for instance the PR [4, [34] [35] [36] [37] . Indeed, an endometriosis-like phenotype in mice both at histologic and molecular level can be elicited by early, developmental exposure to endocrine disruptors [36, 38] .
Therefore, the origin and the mechanisms underlying the supposed progesterone resistance in endometriosis require further investigation.
Targeting the "Aromatase" Enzyme for Treatment
Endometriosis requires estrogen for its continued growth, and if deprived of these hormones, it tends to regress. Aromatase is a cytochrome P450 enzyme that catalyzes the rate-limiting step in estrogen biosynthesis, the conversion of androgens to estrogens [39] . The enzyme is expressed by many human cell types including ovarian granulosa cells, placental syncytiotrophoblasts, adipose cells, and skin fibroblasts. Estrogen action is classically believed to occur via an endocrine mechanism. Studies on aromatase expression in breast cancer demonstrated that paracrine mechanisms play an important role in estrogen action in this tissue. Estrogens also display an "intracrine" effect; estrogens produced by aromatase activity in the cytoplasm of leiomyoma smooth muscle cells or in endometriotic stromal cells can exert their effects by readily binding to their nuclear receptor within the same cell [39] . It has been suggested, albeit not consistently [40, 41] , that aromatase is expressed at higher levels in endometriosis implants than in normal endometrium, thus providing the ectopic mucosa with excessive proliferative stimulus [42] [43] [44] . Prostaglandin E 2 (PGE 2 ) was identified as the most potent inducer of aromatase activity in endometriotic cells, and estrogen, in turn, was found to upregulate PGE 2 formation by stimulating cyclooxygenase type 2 enzyme. Thus, a positive feedback loop for continuous local estrogens and PGE 2 production is established in the pathologic tissue itself, possibly favoring the proliferative and inflammatory characteristics of endometriosis. These findings suggest that the aberrant expression of aromatase in endometriotic tissue might be involved in the pathogenetic mechanisms of this disease promoting survival and growth of the disease lesions. The mechanisms that mediate the regulation of aromatase activity in endometriotic tissue also have been investigated. The most critical mechanism is mediated by the aberrantly expressed key transcriptional enhancer SF-1 in endometriotic tissue. SF-1 binds to a specific response element in the promoters of a number of steroidogenic genes in the ovary and mediates the responsiveness of a portion of these genes to cyclic adenosine monophosphate (cAMP). In endometriotic stromal cells, PGE 2 induces coordinate binding of SF-1 to the promoters of steroidogenic acute regulatory protein (StAR) and aromatase gene to co-activate their expression [39] . SF-1 is expressed specifically in endometriosis but not in eutopic endometrium due to an epigenetic mechanism that permits binding of activator versus inhibitor complexes to its promoter. These observations represent the molecular bases for use of aromatase inhibitors to treat endometriosis [45] and have prompted performance of several pilot studies using one of the two available reversible aromatase inhibitors (ie, anastrozole and letrozole), which compete with androgens for aromatase-binding sites [46, 47] . Aromatase inhibitors have been tested in surgically induced models of endometriosis in mice. The administration of letrozole (10 μg/day subcutaneously) for 4 weeks to wild-type mice demonstrated a dose-dependent suppressive effect on the growth of ectopic tissue [48] .
However, again it is unclear if the increased expression of this cytochrome P-450 complex constitutes the very reason for survival and proliferation of regurgitated endometrial cells, or if it is the consequence of local inflammation, because of prostaglandins [49] , in which case, aromatase inhibitors would simply treat an epiphenomenon. Moreover, in humans, the premenopausal ovary is generally considered to be resistant to blockade of estrogen production by aromatase inhibitors because any lowering of plasma estrogen levels would cause reflexive increases in gonadotrophins [50] . This would then induce increased ovarian production of estrogens. Indeed, aromatase inhibitors have been suggested to correct ovulatory dysfunction as well as to increase the number of follicles in controlled ovarian stimulation protocols [51] . Therefore, in premenopausal women, these compounds must be used together with other drugs (eg, gonadotropin-releasing agonists, danazol, oral contraceptives [OCs], and progestins) that could effectively suppress gonadotropins and reduce ovarian activity [52] [53] [54] . Clearly, when these combined regimens are used for endometriosis, it is impossible to assess how much of the effect on pain is related to which of the two medications [55] . When the efficacy of letrozole plus norethisterone acetate (NETA) was compared with that of NETA alone in women with rectovaginal endometriosis [56] , the reported intensity of pelvic pain was slightly lower in the combined regimen group, but owing to the side effects of letrozole (mainly joint pain and myalgia), satisfaction with treatment was higher in patients who used NETA alone. After treatment discontinuation, symptoms recurred without significant between-group differences, demonstrating that also aromatase inhibitors are neither cytoreductive nor curative. In fact, histological examination of endometriotic lesions excised after treatment with letrozole shows preservation of endometrial glands and high stromal proliferative activity [55] .
Aromatase inhibitors seem effective in treating severe postmenopausal endometriosis through blockade of extraovarian estrogen production [57] , but their use in premenopausal endometriosis should be considered with caution [47] .
Conclusions
Endometriosis is a common condition with a variety of different phenotypes. The disease has been associated with progesterone resistance, and recently, this reduced sensitivity to this steroid has been linked to the inflammatory process associated with the disease. It remains unclear whether this progesterone resistance contributes to the original development of the condition or reflects the changes in endocrine-immune relationships that evolve as a consequence of the disease progression. In any case, these endocrine-immune changes may represent novel targets for disease treatment. Although it has been demonstrated to be clinically less efficacious than originally envisioned, the targeting of the aromatase enzyme represents a paradigm of this approach. Reducing the impact of the inflammatory environment that may affect the progression of endometriosis or improving endometrial response at both eutopic and ectopic sites will be key to the development of better therapeutic strategies for this disease.
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